Abstract An anaerobic/aerobic/anoxic/aerobic sequencing batch reactor (SBR) was operated with municipal wastewater to investigate the effect of nitrite on biological phosphorus removal (BPR). When nitrite accumulated, aerobic phosphate uptake activity significantly decreased and, in case of hard exposure to nitrite, BPR severely deteriorated. The interesting observation was that the relative anoxic activity of phosphate accumulating organisms (PAOs) increased after nitrite exposure. Moreover batch tests of aerobic phosphate uptake in the presence/absence of nitrite indicated that PAOs with the higher relative anoxic activity are less sensitive to nitrite exposure. From these results, we concluded that BPR is sensitive to nitrite exposure, but BPR containing PAOs with the higher relative anoxic activity is possibly more stable against nitrite than BPR containing PAOs with the lower relative anoxic activity.
Introduction
Nitrite is a well-known inhibitor against bacteria on their growth and respiration, and is suspected to damage biological phosphorus removal (BPR). There are several reports insisting that nitrite inhibits anoxic phosphate uptake (Kuba et al., 1996a; Meinhold et al., 1999) , but only few reports are available on the effect of nitrite on aerobic phosphate uptake. Saito et al. (2004) reported with the enriched phosphate accumulating organisms (PAOs) that nitrite severely inhibits aerobic phosphate uptake. However, there are no reports on BPR performance. It is well known that BPR sometimes become unstable without any identified reason. Several researchers have proposed some mechanisms, namely (1) competition with glycogen-accumulating organisms (GAOs) (Liu et al., 1997) , (2) low influent organic loading , (3) introduction of nitrate into the anaerobic tank (Hascoet and Florentz, 1985) , and (4) excessive aeration (Brdjanovic et al., 1998) ; however, it is widely accepted that there are still unknown factors inhibiting BPR. Therefore it is necessary to investigate the effect of nitrite on BPR.
Another notable indication given by Saito et al. (2004) is that anoxic phosphate uptake is less sensitive to nitrite than aerobic phosphate uptake. This is quite logical, because nitrite can be used as a final electron acceptor for denitrifying PAOs under anoxic conditions (Meinhold et al., 1999; Ahn et al., 2001; Lee et al., 2001) . Since denitrifying PAOs have nitrite reduction enzymes for respiration, even under aerobic conditions they are probably less sensitive to nitrite than 'aerobic' PAOs which have little or no denitrifying activity. If so, nitrite will affect the competition between denitrifying PAOs and 'aerobic' PAOs, and will increase the relative anoxic activity of PAOs. There are lots of hot discussions on the existence of 'obligate aerobic' PAOs. Kerrn-Jespersen and Henze (1993) proposed two populations, namely denitrifying PAOs and 'obligate aerobic' PAOs. On the other hand, Wachtmeister et al. (1997) and Zeng et al. (2003a) suggested one population with different induction levels of denitrification enzyme. In this paper, we do not discuss the topic. We just define 'aerobic' PAOs as PAOs which have little or no denitrification enzyme including 'obligate aerobic' PAOs. What is more important in spite of the outcome of the discussion, the BPR process containing PAOs with the higher anoxic activity is expected to be more stable against nitrite exposure than the BPR process containing PAOs with the lower anoxic activity.
Hence, an anaerobic/aerobic/anoxic/aerobic sequencing batch reactor (SBR) was operated with municipal wastewater in order to investigate the effect of nitrite on BPR, and several batch tests of aerobic phosphate uptake in the presence/absence of nitrite were conducted using PAOs with the different anoxic activities.
Materials and methods

SBR operation treating municipal wastewater
A sequencing batch reactor (SBR) which has 100 L of effective volume was operated. It was fed with grit chamber effluent. The operational cycle consisted of six phases, namely fill/mixing, aeration, mixing, re-aeration, settling and draw. Operational conditions are shown in Figure 1 . The main differences between Run-1 and Run-2 are the length of the anaerobic phase and the aerobic SRT. These modifications were aimed to clear the effect of nitrite on BPR. The anaerobic phase was extended to enhance the activity of PAOs and aerobic SRT was shortened to bring about nitrite accumulation. The volume exchange ratio was 1/3 and 1/2 for RUN1 and RUN2, respectively.
Phosphate uptake activity tests under aerobic and anoxic conditions
The sludge was taken from the end of the re-aeration phase of the SBR operation. First, the sludge was exposed to acetate under anaerobic conditions for 140 min. After acetate was fully taken up, the sludge was divided into two portions. One of the sludges was exposed to aerobic conditions and the other was fed with nitrate under anoxic conditions. From these tests, the aerobic phosphate uptake activity (aerobic PUA) and the anoxic phosphate uptake activity (anoxic PUA) were obtained. The relative anoxic activity was calculated by taking the ratio of anoxic PUA to aerobic PUA (Wachtmeister et al., 1997) . For the anaerobic and anoxic tests, nitrogen gas was provided throughout the experiment to prevent oxygen contamination. 1 mol l 21 NaOH was used to control pH around 7.0 for all tests. Batch tests of aerobic phosphate uptake in the presence/absence of nitrite
Tested sludge was taken from each reactor at the end of the cycle. First, they were exposed to acetate under anaerobic conditions for about 2 hours and then divided into four portions. They were exposed to different concentrations of nitrite (0, 1, 3 and 5 mgN/l) under aerobic conditions in order to investigate the effect of nitrite on aerobic phosphate uptake. During these tests, pH was controlled around 7.0 by addition of 1 mol l 21 NaOH and DO was fully supplied.
Analytical methods
The analysis of Total nitrogen (T-N), Total phosphorus (T-P), Phosphate, MLSS and MLVSS was performed in accordance with Japanese Standard Methods for Examinations of Wastewater. Ammonium, nitrite, nitrate and acetate were measured by Capillary Ion Analyzer (Waters Corporation). COD (Chromium) was measured by HACH COD kit. Membrane filters (0.45 mm) were used for filtration to separate dissolved samples.
Results and discussion
Performance of SBR treating municipal wastewater
Experimental periods can be divided into four characteristic periods (see Table 1 ) in terms of nitrogen removal modes, because of limited aeration and temperature shift. Cycle behaviors of soluble substances in the respective periods are shown in Figure 2 . From Day 0 to 76 ('SND' period), nitrogen was removed during the aerobic phase without accumulation of oxidized nitrogen. Simultaneous nitrification and denitrification (SND) occurred. DO level in this study was relatively high for SND as compared with DO reported by Pochana and Keller (1999) and Zeng et al. (2003b) ; however, Pochana also reported that elevation of DO up to 0.8 mgO 2 /l enhanced denitrification as well as nitrification. Hence, SND will be expected under DO in this study. During this period, T-N and T-P removal were 84% and 90%, respectively, as shown in Table 2 . Zeng et al. (2003b) reported that nitrogen removal proceeded via nitrite, when SND occurs under limited oxygen conditions. In this study, indeed, with increased temperature, initially only nitrite gradually accumulated. From Day 77 to 195 ('Nitrite-1' period), nitrite accumulated during the aerobic phase. During this period, although phosphorus removal was quite good (95%), phosphate uptake rate was slower than that of 'SND' period (see Figure 2 ). In fact, phosphate was not thoroughly taken up during the aerobic phase. This slower phosphate uptake must be caused by nitrite. 3 mgN/l of nitrite was enough to suppress aerobic phosphate uptake (Saito et al., 2004) . After that, nitrogen removal gradually shifted from the nitrite to the nitrate route. In RUN2, from Day 196 to 243 ('Nitrate' period), nitrogen removal was completely via nitrate without nitrite accumulation. Phosphorus removal was 96%. During this period, nitrification was gradually damaged, because of shorter aerobic SRT. From Day 244 to 295, nitrite again accumulated ('Nitrite-2' period) instead of nitrate. About 6 mgN/l of nitrite accumulated at the end of the aeration phase, and BPR was completely deteriorated. At that time, phosphate release and uptake (typical activity of PAOs) were quite poor. These results strongly indicate that nitrite is the factor influencing stability of BPR.
Results of phosphate uptake activity tests Figure 3 shows the daily variation of aerobic and anoxic phosphate uptake activity (PUA), and the relative anoxic activity of PAOs throughout the experimental period. As shown in the figure, sudden decrease of aerobic PUA was observed. The first time was during the 'nitrite-1' period, when 3.2 mgN/L of nitrite was built up. The aerobic PUA decreased to 22% from 13.3 to 3.0 (mgP/gVSS.h). As mentioned above, during this period, phosphorus removal was still good (see Table 2 ). However, since PUA significantly decreased, BPR must be fragile. Small contribution of another inhibiting factor probably causes BPR deterioration. The second sudden decrease was during the 'nitrite-2' period when 6.0 mgN/L of nitrite was built up. The aerobic PUA decreased to 6.4% from 14.0 to 0.9 (mgP/gVSS.h). Nitrite strongly inhibited PUA. The interesting observation is that the relative anoxic activity increased, while the anoxic PUA decreased, when nitrite accumulated. This is as if denitrifying PAOs were overcoming the 'aerobic' PAOs that are unable or hard to denitrify. From these results, we assumed that denitrifying PAOs must be less sensitive than 'aerobic' PAOs. To verify this hypothesis, batch tests were conducted in the presence/absence of nitrite with the enriched PAOs cultivated with different electron acceptors, oxygen and nitrate.
Batch tests of aerobic phosphate uptake in the presence/absence of nitrite Figure 4 shows the results of aerobic phosphate uptake tests in the presence/absence of nitrite. In all cases, the higher the initial nitrite concentration, the lower the specific phosphate uptake rate (PUR). Nitrite severely inhibits aerobic phosphate uptake. However, the phosphate uptake behaviors of the tested sludge are clearly different. In the case of A/O sludge, only 1 mgN/l of initial nitrite severely inhibited phosphate uptake. While, in the case of SBR sludge, 1 mgN/l of initial nitrite did not show any inhibitory effect, however 3 mgN/l of initial nitrite severely inhibited. On the other hand, A/A sludge showed a small inhibitory effect. These different responses interestingly correspond to the order of the relative anoxic activity. Table 3 summarizes all the results. The relative activity of aerobic phosphate uptake was calculated from Figure 4 by taking the ratio of observed PUA in the presence of nitrite to the observed PUA without nitrite exposure (nitrite 0 mgN/l). Phosphate uptake of A/O sludge was much more severely inhibited by nitrite. The relative aerobic activity dropped down to 28% with 3 mgN/l of nitrite exposure, whereas A/A sludge still maintained 80%. Figure 5 depicts the relationship between the relative activity and the initial nitrite concentration. As shown in the figure, PAOs with the higher relative anoxic activity are less sensitive to nitrite exposure. These facts strongly indicate that nitrite can work as a selective factor for denitrifying PAOs in terms of the competition with 'aerobic' PAOs. Another interesting observation is that nitrite was consumed under aerobic conditions without nitrate production in the case of A/O and A/A sludge, whereas nitrate was produced in the case of SBR sludge. Since the batch test using culture media without bacteria did not consume nitrite at all, this consumption must be mediated by biological reaction. Moreover, the higher relative anoxic activity has the higher nitrite consumption rate (see A/O and A/A in Table 3 ). These facts imply that denitrifying PAOs can utilize rather than detoxify nitrite under aerobic conditions. That could be the other reason why the relative anoxic activity increased after nitrite exposure. However, this hypothesis requires further research.
Conclusions
In this research, the effect of nitrite on biological phosphorus removal and the contribution of denitrifying activity of phosphate accumulating organisms were investigated. The following findings were obtained: Nitrite exposure decreases aerobic phosphate uptake activity of PAOs and, in case of hard exposure, biological phosphorus removal is severely damaged. Nitrite is one of the factors influencing stability of BPR. We should pay more attention to the nitrite behavior in BPR process. PAOs with the higher relative anoxic activity are less sensitive to nitrite exposure. In other words, the denitrifying activity of PAOs could alleviate the impact of nitrite. Hence, BPR process containing PAOs with the higher anoxic activity is probably more stable against nitrite exposure than BPR process containing PAOs with the lower anoxic activity.
After nitrite exposure, the relative anoxic activity of PAOs apparently increased. One of the mechanisms will be the detoxification ability of denitrifying PAOs, which is a significant advantage against the competition with 'aerobic' PAOs.
